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ABSTMCT 

Present  p lans  f o r  t h e  p i t c h  and yaw gimbal system on the  Apollo 
Telescope Mount (ATM) involve the  use of f l e x i b l e  p i v o t s .  Because t h e  
development problems assoc ia ted  w i t h  a f l e x i b l e  p ivo t  system opera t ing  
at zero g .a re  unknown, i t  was decided t o  test dry lub r i ca t ed  b a l l  
bear ings under s imulated ATM condi t ions  as a back-up t o  the  f l e x i b l e  
p i v o t  system. 
bear ings w i l l  opera te  s a t i s f a c t o r i l y  f o r  a t  least 240,000 cyc le s  a t  a 
+ 5 O  o s c i l l a t i o n  and a t  120,000 p s i  Hertzian con tac t  stress. The b e s t  
l u b r i c a t i n g  system provides  a maximum e f f e c t i v e  c o e f f i c i e n t  of f r i c t i o n  
p e r  bear ing of .0055 across  10" of o s c i l l a t i o n .  

Resul t s  of these  t e s t s  i n d i c a t e  t h a t  dry lub r i ca t ed  b a l l  

NASA - GEORGE C. MARSHALL SPACE FLIGHT CENTER 



NASA-GEORGE C. MARSHALL SPACE FLIGE CENTER 

TECHNICAL MEMORANDUM X- 53707 

DRY FILM LUBRICATED BALL BEARINGS FOR 
GIMBALS OSCILLATING AT SMALL ANGLES IN VACUUM 

By K. E. Demorest 

PROPULSION AND VEHICLE ENGINEERING LABORATORY 
RESEARCH AND DEVELOPMENT OPERATIONS 



TABLE OF CONTENTS 

Page 

S.Y ......................................................... 1 
I.RODUCTION .................................................... 1 

TEST APP..S .................................................. 1 

TEST PROCEDUIZE .................................................. 2 

TEST flES.TS .................................................... 3 

CONCLUSIONS ..................................................... 4 

REFERENCES ...................................................... 20 

L I S T  OF ILLUSTRATIONS 

Figure 

1 

2 

3A 

3B 

4A 

4B 

5A 

5B 

6A 

6 B  

7A 

7B 

TEST RACK ASSEMBLY ...................................... 6 

TEST CHAMBER AND BEARING ASSEMBLY ....................... 7 

HEAVY GALLING ON RACE AFTER FIRST TEST SERIES ........... 8 

HEAVY GALLING ON BALLS AFTER FIRST TEST SERIES .......... 9 

LUBRICATED BALLS AFTER SECOND TEST SERIES ............... 10 

LUBRICATED RACE AFTER SECOND TEST SERIES. ............... 11 
RACE AT THE COMPLETION OF THIRD TEST SERIES ............. 12 

BALLS AT THE COMPLETION OF THIRD TEST SERIES ............ 13 
BALLS AT THE COMPLETION OF FOURTH TEST SERIES ........... 14 

RACE AT THE COMPLETION OF FOURTH TEST SERIES ............ 15 

BALLS AT COMPLETION OF FIFTH TEST SERIES ................ 16 

RACE AT THE COMPLETION OF FIFTH TEST SERIES ............. 17 

iii 



LIST OF ILLUSTRATIONS (Concluded) 

Figure Page 

TORQUE AND FRICTION COEFFICIENT VERSUS T I M E . . . . . . . . . . . .  18 8 

9 TORQUE AND FRICTION COEFFICIENT VERSUS DEGREES OF 
R O T A T I O N . . . . . . . . . . . . . , ~ , , ~ , . , , . ~ ~ , . . . . . . . . . ~ . ~ ~ . . , ~ ~ , . . , , .  19 

LIST OF TABLES 

I LUBRICATION SYSTEMS .................................... 2 



TECHNICAL MEMORANDUM X-53707 

DRY FILM LUBRICATED BALL BEARINGS FOR 
GIMBALS OSCILLATING AT SMALL ANGLES I N  VACUUM 

,’ 

SUMMARY 

Although the  Apollo Telescope Mount p i t c h  and yaw gimbal system 
primary design w a s  based on f l e x i b l e  p ivo t s ,  gimbal bear ings were con- 
s ide red  f o r  t h e  back-up des ign ,  The purpose of  t h i s  i n v e s t i g a t i o n  w a s  
t o  determine whether dry f i l m  l u b r i c a t e d  b a l l  b.earings would have 
reasonable l i f e  when operat ing over small angles ,  only.  Typical  Teflon 
and g l a s s  s a c r i f i c i a l  r e t a i n e r  b a l l  bear ings were evaluated with several 
d i f f e r e n t  dry f i l m  l u b r i c a n t s  on the  bearing races. A t  ope ra t ing  con- 
d i t i o n s  s e l e c t e d  t o  s imulate  the s u b j e c t  a p p l i c a t i o n  the  bear ings pro- 
vided many times more than the required l i f e t i m e .  

INTRODUCTION 

P resen t  p l ans  f o r  t h e  small angle p i t c h  and yaw gimbal system on 
the Apollo Telescope Mount (ATM) include t h e  use of f l e x i b l e  p i v o t s  i n  
p l a c e  of t he  usua l ly  employed bear ings.  
a s soc ia t ed  with a f l e x i b l e  p i v o t  system operat ing a t  zero g are unknown, 
i t  w a s  decided t o  t es t  b a l l  bearings as a backup t o  the  f l e x  p i v o t  system. 
Outgassing ground rules f o r  the ATM prevent  the u s e  of f l u i d  l u b r i c a n t s  
f o r  bear ing s y s t e m s .  
I n s t i t u t e  ( r e f .  1) i n d i c a t e  t h a t  d ry  f i l m  l u b r i c a n t s  provide adequate 
b a l l  bearing l u b r i c a t i o n  a t  low speeds and high loads.  However, d r y  
f i l m  l u b r i c a t e d  b a l l  bear ings have not  been t e s t e d  previously a t  small 
ang le  o s c i l l a t i n g  cond i t ions .  The s p e c i f i c  ATM o s c i l l a t i n g  gimbal 
s y s t e m  tests reported here  are considered t o  be conceptual because 
bearing design and loads f o r  gimbal bear ings f o r  the p i t c h  and yaw 
system have not  been def ined.  
Hertzian c o n t a c t  stress w a s  chosen f o r  t he  p r e s e n t  tests. 
work, a d d i t i o n a l  o s c i l l a t i n g  bearing tests are now being made a t  The 
Boeing Company under c o n t r a c t  NAS8-21121 using s p e c i a l l y  designed d ry  
l u b r i c a t i o n  systems ope ra t ing  through a wide range of bearing stresses. 

Because the development problems 

Tests made under our d i r e c t i o n  a t  Midwest Research 

A s i z e  203 bearing loaded t o  120,000 p s i  
Based on t h i s  

TEST APPARATUS 

The tes t  apparatus  used i n  t h i s  program i s  shown i n  Figures  1 and 
2 .  This device c o n s i s t s  of a frame on which are mounted a p a i r  of 



spring loaded test  bear ings.  
through a guide bear ing.  The s h a f t  between t h e  guide bear ing and t h e  
t e s t  bear ings has  a reduced s e c t i o n  with a s t r a i n  gage f o r  measuring 
torque.  The end of t h e  bearing s h a f t  i s  provided w i t h  a magnet which 
forms a magnetic couple wi th  a matching magnet on the gear  motor s h a f t  
ou t s ide  the  vacuum system. The gear  motor d r i v e s  the input  s h a f t  a t  40 
rpm which i n  t u r n  o s c i l l a t e s  the t e s t  bear ing s h a f t  through a +So 
o s c i l l a t i o n  f o r  each r o t a t i o n  of t h e  inpu t  s h a f t .  The sp r ing  between 
t h e  t es t  bear ings i s  designed t o  produce a 30 pound t h r u s t  load on the  
test  bear ings.  The tes t  apparatus  i s  enclosed by a vacuum chamber 
pumped by a 75 l i ter /sec.  i o n  pump which w i l l  maintain t h e  chamber 
p re s su re  a t  t o r r  during t e s t i n g ,  Torque i s  measured by a s t r a i n  
gage on a t o r s i o n  rod and the readings are recorded on a Sanborn Re- 
co rde r .  

The tes t  bear ings are d r iven  by a cam 

TEST PROCEDURE 

These tests are considered prel iminary because no engineering d a t a  
i s  y e t  a v a i l a b l e  on p o s s i b l e  bearing s i z e s  o r  loads t h a t  would be re- 
quired f o r  the ATM p i t c h  and yaw gimbal system. 
30 pound t h r u s t  load were s e l e c t e d  f o r  these tests to  i n d i c a t e  the 
e f f e c t  of dry l u b r i c a n t s  on o s c i l l a t i n g  bear ings.  

S i ze  203 bearings and a 

The bearing l u b r i c a t i o n  systems l i s t e d  i n  Table I were s e l e c t e d  
f o r  t e s t i n g .  A Teflon-glass  b a l l  r e t a i n e r  material (Duroid) ( R e f .  2) 
w a s  used t o  p r o t e c t  the b a l l s  from damage. 

TABLE I 

LUBRICAT I O N  SYSTEMS 

TEST RETAINER 
NUMBER MATERIAL RACE LUBRICANT 

1 Duroid None 

2 Duroid MLF-5 
MoS2, Graphite,  Gold, Sodium Si l ica te  

3 Duroid MLF-9 
MoS2, Graphite,  B i s m u t h ,  Aluminum Phosphate 

4 Duroid PILR- 2 
MoS2, Antimony Trioxide,  Polyimide 

5 Duroid V i  t r o l u b e  
M0S2, Glass F r i t  

2 



Four test  s t a t i o n s  were u t i l i z e d  t o  test  t h r e e  bearing p a i r s  f o r  each 
l u b r i c a t i o n  system. 
u r e  of  the bear ings was ind ica t ed  by high torque. All bearings were 

A t  t he  
conclusion of t h i s  test  series, the most success fu l  l u b r i c a t i o n  system 
was r o t a t e d  slowly through 90" t o  determine the f r i c t i o n  v a r i a t i o n s  
which occurred during r o t a t i o n  due t o  s e l e c t e d  s p o t s  of wear on the  
race l u b r i c a n t s .  

Each tes t  was operated f o r  100 hours o r  u n t i l  fa i l -  

run-in" f o r  one hour a t  30 rpm under f u l l  load before  test .  I 1  

TEST RESULTS 

The f i r s t  test series w a s  made with Duroid, r e in fo rced  Teflon, 
r e t a i n e r s  with no a d d i t i o n a l  l u b r i c a t i o n  app l i ed  t o  t h e  races. 
8 1/2 hours ope ra t ion  the bearing torque became extremely high and t h e  
test  was shu t  down f o r  i n spec t ion ,  Figures  3A and 3B show the heavy 
g a l l i n g  which had occurred on both the  b a l l s  and races. 
r e p e t i t i o n s  of t h i s  tes t  produced s u b s t a n t i a l l y  i d e n t i c a l  r e s u l t s .  

Af t e r  

Two a d d i t i o n a l  

I n  the  second series of tests the dry f i l m  l u b r i c a n t ,  MLF-5 w a s  
appl ied t o  both the  i n n e r  and o u t e r  bear ing race. 
approximately 0.0005 inch. 
f u l l  100 hours with a low cons tan t  torque,  
assembled bear ings a t  the conclusion of t hese  tests showed no break- 
through of l u b r i c a t i n g  f i l m  and no damage t o  t h e  b a l l s .  
are shown i n  Figures  4A and 4B. 

Film thickness  was 
A l l  t h r ee  of these tests were operated the 

Inspec t ion  of t h e  d i s -  

These resul ts  

The t h i r d  tes t  series w a s  made with a f i l m  thickness  of 0.0005 inch 
of MLF-9 bonded t o  both races, A l l  t h ree  tests were operated the f u l l  
100 hours of ope ra t ion ,  but  showed a slowly inc reas ing  torque during the 
runs .  
race l u b r i c a n t ,  but  revealed t h a t  t he  b a l l s  were apparent ly  damaged by 
the aluminum phosphate binder  i n  the l u b r i c a n t .  These b a l l s  and races 
are shown i n  Figures  5A and 5B. 

Inspec t ion  of  t he  disacsembled bear ings showed no breakdown of 

The f o u r t h  series of tests was made using a polyimide bonded lub- 
r i c a n t ,  MLR-2, appl ied t o  the races as a f i l m  approximately 0.0003 inch 
th i ck .  These tests a l s o  showed a cons t an t ly  r i s i n g  torque during the 
100 hour pe r iod ;  however, as shown i n  Figures  6A and 6B the re  appeared 
t o  be no damage t o  e i t h e r  the b a l l s  o r  races. 

The f i n a l  tests were made using races coated with approximately 
0.0003 inch of Vitrolube,  a g l a s s  bonded MoS l u b r i c a n t .  This l u b r i c a n t  

s l i g h t l y  warped by the high temperature. Torque readings during these 
tests were f a i r l y  cons t an t  with no apparent damage t o  t h e  bearing as 
shown i n  Figures  7A and 7 B .  

i s  fused a t  over 900°F and i t  appears t h a t  t 6 e l u b r i c a t e d  races were 

3 



Because torque va lues  a r e  a func t ion  of t he  p a r t i c u l a r  bear ing 
t e s t e d ,  an e f f e c t i v e  c o e f f i c i e n t  of f r i c t i o n  was determined f o r  a l l  
tests by determining the  f o r c e  i n  pounds a t  the  c e n t e r l i n e  o f  t h e  b a l l  
r i n g  and d iv id ing  t h i s  f o r c e  by the  t h r u s t  load.  Comparative f r i c t i o n  
c o e f f i c i e n t s  are shown i n  Figure 8. 
an  average of t h r e e  tests. 

Each p l o t  on t h i s ' f i g u r e  r ep resen t s  

To deterhnine the  v a r i a t i o n  i n  f r i c t i o n  c o e f f i c i e n t  through a 
measurable d i s t ance ,  t he  test appara tus  was modified t o  d r i v e  the  
loaded bear ings very  slowly around a 90' arc. The f i r s t  test on the  
modified test  device was made with an o i l  l u b r i c a t e d  set  of b a l l  bear ings  
loaded t o  30 pounds t h r u s t  load.  
s e n s i t i v i t y  of t he  torque  measuring ins t rumenta t ion  and t o  provide a 
comparison wi th  the  dry f i l m  l u b r i c a t e d  bear ings .  Measurements were 
then made on a p a i r  of MLF-5 l u b r i c a t e d  bear ings which had been operated 
f o r  100 hours i n  a previous test .  
i n  Figure 9.  

This  t e s t  was made t o  determine t h e  

R e s u l t s  of these  tests are shown 
The fol lowing i t e m s  were noted from these  tests: 

(a) Repe t i t i on  of the bear ing r o t a t i o n  produced i d e n t i c a l  torque 
p a t t e r n s .  
s l i g h t  v a r i a t i o n s  i n  f i l m  th ickness  and by depress ions  o r  pockets  formed 
by the  o s c i l l a t i n g  b a l l s  during previous t e s t i n g .  This l a t t e r  theory i s  
borne out  by su r face  p r o f i l e  tests which showed t h a t  t h e  areas of con- 
s t a n t  b a l l  con tac t  were approximately 6 microns lower than ad jacent  
unworn areas i n  the l u b r i c a n t  f i l m  on the  r a c e s .  Pre- t reatment  of t he  
l u b r i c a n t  f i l m  by wire  brushing o r  po l i sh ing  would probably reduce t h i s  
f r i c t i o n  v a r i a t i o n .  

This i n d i c a t e s  t h a t  the v a r i a t i o n s  i n  torque are caused by 

(b) The low p o i n t s  of t he  f r i c t i o n  measurements on the  modified 
test apparatus  match the  f r i c t i o n  measured during the  o s c i l l a t i n g  t e s t s  
of the  MLF-5. This  f a c t  i n d i c a t e s  t h a t  the  higher  f r i c t i o n  c o e f f i c i e n t s  
a r e  measured i n  the  unworn o r  uncompacted a reas  of the  r ace  l u b r i c a n t .  

CONCLUSIONS 

1. Lubr ica t ion  systems are a v a i l a b l e  which w i l l  provide wear l i v e s  
of a t  least 240,000 s m a l l  o s c i l l a t i o n s  of approximately L5Oin b a l l  
bear ings loaded t o  120,000 p s i  Her tz ian  con tac t  s t r e s s  i n  vacuum. 

2 .  The e f f e c t i v e  c o e f f i c i e n t  of f r i c t i o n  of these  dry l u b r i c a t e d  
b a l l  bear ings ranges from approximately 0.0055 t o  0.012. 

3 .  The m a x i m u m  v a r i a t i o n  i n  f r i c t i o n  c o e f f i c i e n t  around a 90" arc 
should not  exceed ,0055. This  v a r i a t i o n  i n  f r i c t i o n  c o e f f i c i e n t  could 
be reduced by pre t rea tment  o r  a d d i t i o n a l  run- in  of t he  bearing lub- 
r i c a n t  before  sub jec t ing  i t  t o  the o s c i l l a t i n g  cond i t ion .  

4 



4 .  The best lubrication system found for these t e s t  conditions 
includes a Teflon reinforced (Duroid) sacr i f ic ia l  retainer and MLF-5 
coated bearing races. 
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